Second-harmonic scanning optical microscopy ͑SHSOM͒ is performed on electric-field poled silica-based waveguides. Two operation modes of SHSOM are considered. Oblique transmission reflection and normal reflection modes are used to image the spatial distribution of nonlinear susceptibilities in the sample surface plane and in depth. It is shown that the spatial resolution in normal reflection mode can be better than 1 m for second-harmonic images. A simple qualitative description of this operation mode is suggested and found to be in good agreement with the results obtained. Advantages and limitations of the two operation modes when used for SHSOM studies of poled silica-based waveguides are discussed. The influence of surface defects on the resulting second-harmonic images is also considered.
I. INTRODUCTION
Second-harmonic generation ͑SHG͒, being extremely sensitive to the symmetry of materials, 1 is widely used as a nondestructive and noncontact probe of surfaces and interfaces. 2 Furthermore, starting with the first experiments on spatially resolved SHG from a dye monolayer, 3 SHG microscopy has evolved into a very useful characterization tool for inhomogeneous surfaces. It has recently been applied to imaging of periodically poled ferroelectric domains 4 and domain walls, 5 domain structures in epitaxially grown magnetic garnet films 6 and Langmuir-Blodgett monolayers, 7 and polar orientational distribution in thin polymer films. 8 Poled silicabased waveguides are yet another interesting objective for SHG microscopy that allows one to map spatial variations of second-order optical nonlinearities ͑SONs͒ and, thereby, to study the mechanisms of poling as well as to characterize the poled components. 9 Note that, contrary to projection type SHG microscopy, [4] [5] [6] [7] the scanning technique 8, 9 allows investigations of large areas and, subsequently, precise selection of smaller regions for detailed inspection, always keeping the same intensity scale over the whole image.
In this article, we present the results of detailed investigations of second-harmonic scanning optical microscopy ͑SHSOM͒ of poled silica-based waveguides. We consider two different operation modes of SHSOM and demonstrate their usage for imaging of SON variations both along the sample surface plane and in depth. Advantages and limitations of these modes when used for SHSOM studies of poled silica-based waveguides are discussed. Finally, we report on SH images of surface defects and discuss their influence on the resulting SH images of SON in poled waveguide structures.
II. EXPERIMENT
The setup used for the experiments is illustrated in Fig.  1 . It is constructed as a scanning optical microscope that allows detection of both the fundamental-harmonic ͑FH͒ and the generated SH frequency in the reflected light. The pump light is delivered by a mode-locked Ti:sapphire laser tunable in the range of 720-900 nm with a pulse length of ϳ200 fs. The light is focused onto the sample by a microscope objective or a single lens. The sample is scanned under the focused beam by stepper motor driven stages ͑calibrated with measurements on a diffraction grating͒. At normal incidence, the reflected light is collimated as it is returned through the focusing lens, and it is then reflected into the detectors by a 50% beamsplitter ͓Fig. 1͑a͔͒. A small fraction of the light is reflected from a glass plate into a photodiode in order to record the FH radiation, i.e., the linear reflectivity of the sample. The remaining part is passed through a filter to absorb the pump light before detection of the SH radiation by a photomultiplier tube. Generation of the SH field polarized perpendicular to the sample surface can be probed by rearranging the setup to oblique incidence of the incident light beam ͑e.g., 40°͒. An additional lens is then introduced in order to collimate the reflected FH and SH radiation ͓Fig. 1͑b͔͒.
The samples consisted of three layers of glass deposited by plasma enhanced chemical vapoer deposition on n-type doped silicon wafers ͓Fig. 1͑b͔͒. The bottom and top ͑clad-ding͒ layers were pure SiO 2 , while the central ͑core͒ layer consisted of Ge-doped SiO 2 codoped with either Al ͑sample S1͒ or N ͑sample S2 and S3͒. 10 The thickness of the layers given in the caption of Fig. 1 was estimated from scanning electron microscope data. The wafers were cleaved into samples ϳ2.5 cmϫϳ2.5 cm. Conductive glue was painted onto the top of sample S1 while Al was evaporated onto top of the glass of samples S2 and S3. a͒ Corresponding author; electronic mail: il3kp@physics.auc.dk b͒ Sample S1 was placed on a heater and brought to 280°C. The sample was poled by applying 300 V to a round pad formed by the homogeneous ͑i.e., without grooves͒ conductive glue layer and keeping the silicon wafer grounded. Before removing the high voltage, the sample was cooled to room temperature. Sample S2 ͑used in our previous experiments 9 ͒ was poled by applying 1.5 kV to the Al layer, which represented a photolithographically fabricated mask with grooves of 10 m width, and simultaneous exposure to CO 2 laser radiation ͑10.6 m͒. The silicon wafer was grounded. With this procedure the glass regions below the grooves in the Al mask were exposed to radiation and to a somewhat inhomogeneous electric field. The same mask was then used for the fabrication of ultraviolet ͑UV͒-induced channel waveguides ͑needed to measure the linear electrooptic effect͒. 9 Sample S3 ͑also used in our previous experiments 9 ͒ was poled using the same procedure as that described for S1. However, the poling temperature was 400°C, and 2 kV was applied to a rectangular ͑photolitho-graphically defined͒ pad of the homogeneous Al layer.
III. OBLIQUE TRANSMISSION REFLECTION MODE
Silica-based components are produced through complicated processes involving, e.g., thin film deposition, annealing, UV writing, and poling. 9, 10 In order to optimize their performance, it is important to carry out spatially resolved characterization of the components. SH imaging conducted from the top surface provides an overview of the resulting spatial distribution of SON induced during the poling process. Since the poling field creates a preferred direction along the surface normal, the SH field component polarized normal to the surface is expected to be the strongest one. Actually, in the approximation of homogeneous poling field ͑and sample͒ and for plane-wave illumination, SHG should only be observed under oblique incidence as p-polarized light ͑the electric field in the plane of incidence͒ and not as s-polarized light ͑the electric field perpendicular to the plane of incidence͒. With the scanning technique, large areas ͑e.g., 1 ϫ1 cm 2 ͒ can be tested before smaller areas are selected for more detailed investigations. Figure 2 shows a onedimensional scan through the poled area of sample S1 and a section of the boundary between the poled and unpoled regions recorded at a 40°angle of incidence ͓Fig. 1͑b͔͒. The electrode, which was removed before the SH imaging, determines the poled region, in this case a circularly shaped area. The fluctuations in SHG seen in Fig. 2͑a͒ are much larger than the experimental noise. Furthermore, the strong correlation between the fluctuations observed in the scans recorded in the same area with p-and s-polarized pump light, respectively, demonstrates that the signal variations reflect the properties of the sample. The slow variation in the ϳ1 mm range could be caused by inhomogeneities in the poling field and/or variations in the chemical composition of the glass. 
FIG. 2. ͑a͒
Cross section of the SH images ͑for two polarization configurations͒ through the poled region of sample S1 and ͑b͒ SH image ͑for p-to-p polarization configuration͒ of a 1ϫ1 mm 2 area of the boundary between the poled and unpoled regions. The signals were obtained at a 40°angle of incidence with an 8ϫ objective. Figure 2͑b͒ shows an example of a defect in the electrode leading to a large unpoled region ͓at (x,y)ϭ(600,900)͔. Other effects such as local scattering of light can give rise to faster spatial variations in SHG. The image in Fig. 2͑b͒ shows that special effects appear at the border of the poled area where a strong poling is observed in a 30 m wide region. These effects are probably caused by the complicated distribution of the electrostatic poling field at the edge of the electrode.
Applications of poled glasses for integrated optical components usually require that channel waveguides are defined in the glass layer. Figure 3 shows the SH images of a 180 ϫ180 m 2 section of a UV-written waveguide in sample S2. The images were recorded for the p-to-p and s-to-s polarization configurations and with the channel waveguide oriented parallel to the plane of incidence ͑see Fig. 1͒ . Here p to p and s to s refer to fundamental-to-SH polarizations. The width at half maximum of the p-to-p signal peak is 12 m, which is consistent with the 10 m wide openings in the Al electrode. 9 In the log scale it is clearly seen that the p-to-p signal has minima along the edges of the poled region ͓Fig. 3͑b͔͒. This feature can be attributed to destructive interference between the background SH signal ͑e.g., from interfaces͒ and the signal from the poled glass region. Note that the reduced SH signal at the edges makes the center peak appear too narrow. 11 A more detailed study of the width of the poled region would require a convolution fit of the SON distribution and the beam profile. Such an analysis is demonstrated for the depth profiles in Sec. IV, but will not be performed here since there is no independent measurement of the beam profile. The apparent asymmetry seen in the images represented in the log scale ͓Figs. 3͑b͒ and 3͑d͔͒ is most probably related to the fact that it is very difficult to adjust the plane of incidence of the interrogating beam so that it will be exactly parallel to the channel waveguide.
The images in Figs. 3͑c͒ and 3͑d͒ recorded with s-polarized SH radiation show a structure with a minimum at the center of the waveguide. Note that the s-to-s signal indicates that the symmetry in the surface plane is broken. 2 We believe that inhomogeneities in the poling field at the openings in the Al electrode are responsible for the detected signal and the SH images obtained. Indeed, the x component of the poling field, which can result in in-plane poling of the glass ͑leading to s-polarized SH light͒, should be strongest at the edges of the openings and vanish at the center.
In order to get quantitative information from the SH scans, the angle of incidence has to be considered since this determines the relative importance of different SON tensor elements. Figure 4 shows the SH signal from sample S3 as a function of angle of incidence for the p-to-p and s-to-p polarization configurations along with an illustration of the geometry of SHG in the transmission reflection mode. Effects of local variations in the SON on the SH signal have been reduced by focusing the pump laser beam with a long focal length ͑300 mm͒ lens. A rather irregular variation of the SH signal with the angle, especially for the s-to-p polarization configuration, is observed. This can be qualitatively accounted for as follows. Let us consider SHG in this geometry as the sum of contributions from dipole sheets making up the SON ͑poled͒ layer, as described by Sipe.
12 Each dipole sheet generates SH radiation in the forward ͑transmission͒ and backward ͑reflection͒ directions. However, the accumulated
SH radiation in the backwards direction from the poled layer turns out to be negligible compared to that in the forward direction for the thickness ͑larger than 1 m͒ of the considered SON layer. 9 The reason is that, for thick layers, the phase matching condition for SHG in the direction perpendicular to the layer becomes progressively important, resulting in attenuation of the ͑nonsynchronized͒ SH radiation in reflection. 13 Thus, the designation transmission reflection mode has been chosen for this configuration since the SH radiation is generated in transmission ͑through the poled layer͒ from the incident FH radiation and the FH radiation reflected at the glass/Si interface ͑see the inset in Fig. 4͒ . Furthermore, multiple reflections of both the fundamental and the SH light at the boundaries of the glass layer have to be taken into account. It turns out that multiple reflections of the FH radiation are the most important. The oscillations in the SH signal ͑Fig. 4͒ are therefore related to the configuration of the standing wave interference pattern for FH radiation or, more precisely, to the ͑angular dependent͒ position of the FH intensity ͑local͒ maximum with respect to the SON layer.
The same reasoning can be used to explain why the oscillations in Fig. 4 are more pronounced for the s-polarized pump light. The SH signals have their maxima in the range of incidence angles being between 55°and 75°. In this range, the internal glass/air reflection coefficient for p polarization is much lower than for s polarization because of the proximity to the Brewster angle. The contrast of the standing wave interference pattern is thus notably larger for the s-polarized FH radiation than for the p-polarized one. Clearly, the extraction of quantitative information about the poled material requires knowledge of the geometrical parameters of the structure. Furthermore, detailed angular dependent measurements of the SH signal at the same place on a sample ͑or SH imaging at different angles of incidence͒ are necessary. However, it is difficult to vary the incidence angle without shifting the pump beam on the sample and thus changing the probed area. This leads to problems with interpretation of data from inhomogeneous systems. Overall, we find the oblique transmission reflection mode rather convenient for qualitative investigations of SON distribution along the surface of poled glass structures, but not suitable for quantitative measurements of SON tensor components.
IV. NORMAL REFLECTION MODE
Direct observation of the depth distribution of the SON is obtained by SH imaging of cleaved edges of the samples. 9 In this case SHSOM is used at normal incidence with a 40ϫ microscope objective for focusing and collimating the light. Figure 5 shows simultaneous recordings of the reflected FH and SH radiation when the focused FH beam is scanned across the glass layer at different places on sample S3. The incident light was circularly polarized ͑in order to avoid backreflection into the laser͒ and the detected light was polarized in the direction perpendicular to the glass/air and glass/Si interfaces ͓along the z axis in Fig. 1͑b͔͒ . Figure 5͑a͒ shows a scan using a pump wavelength of 860 nm. A convolution fit of a Gaussian beam profile and step function changes in linear reflectivity gives the beam diameter and the positions of the glass/air and glass/Si interfaces. 9 From this fit the total width of the glass layer is found to be 8.8Ϯ0.2 m, a value which is in reasonable agreement with the layer thickness determined previously. 9 The fit gives a beam diameter of 2.0Ϯ0.1 m and a ratio of 11.4 for the FH reflectivities at the two interfaces. The latter corresponds quite well to the value of 9.7 obtained from the refractive index data. 14 With the beam diameter determined, it is now possible to analyze the SH signal scan. The main feature is a peak in the center part of the glass layer, but nonvanishing signals are also observed both in Si and in the glass. The SH signal can thus be related to background nonlinear polarizabilities in the glass and in Si in addition to a 1.6Ϯ0.1 m wide region with the presumably constant SON representing the poled layer. The obtained width of the SON layer is less than the width of the Ge-doped glass layer. Furthermore, the peak of the SH signal is placed close to the boundary of the Ge-doped layer closest to the air/glass interface of the sample. 9 It should be mentioned that, with the present spatial resolution of the SHSOM, it is impossible to determine which of the two SON profiles, i.e., the rectangular profile used here or the Gaussian one used previously, 9 ensures a better fit to the experimental data.
For a FH wavelength of 760 nm, large SH signals are also found to be located at the glass/air and glass/Si interfaces as seen in Figs. 5͑b͒ and 5͑c͒ recorded, respectively, inside and outside the poled region. The corresponding SH frequency is close to the direct band gap of Si and a resonance in SHG. 15 This results in a more efficient surface SHG from Si at 760 than at 860 nm pump wavelength. The presence of the glass/Si interface reduces the symmetry and thus enhances the SH radiation polarized in the direction perpendicular to that interface. 2 On the other hand, it is somewhat surprising that both the ͑unpoled͒ glass and Si surfaces produce nonzero SH signals at normal incidence ͓Fig. 5͑c͔͒. The Si wafer is cleaved along a ͑100͒ plane and should not give rise to SHG at normal incidence. 12 Neither should the surface of an amorphous material such as glass. We believe that SHG at normal incidence is due to the strong focusing of the pump beam, which creates a complicated field distribution with all field components being nonzero. 16 The field component normal to the surface would then lead to SHG from isotropic media because of the field gradient in the surface layer. 17 Furthermore, in the case of Si, it has been shown that a few degrees miscut of the surface leads to enhancement of SHG due to the appearance of atomic steps on the surface. 18 These steps reduce the symmetry, thus allowing the surface to have in-plane SH polarization. Such effects are enhanced near the resonance in SHG from Si, 15 as seen by comparison of Figs. 5͑a͒ and 5͑b͒. With respect to the unpoled glass surface, no clear dispersion of SHG was observed in the investigated wavelength range, and the absence or presence of the peak in the SH signal at the glass/air interface is determined by the absence or presence of surface defects ͑cf. Fig. 6 and the accompanying discussion͒.
The FH signal scans in Figs. 5͑b͒ and 5͑c͒ have been fitted with beam diameters of 1.8Ϯ0.1 and 1.5Ϯ0.1 m, respectively. These values are smaller than the ones obtained for wavelength of 860 nm, as expected. Note that, for a Gaussian beam at 860 nm focused with an objective having a numerical aperture of 0.65, the diameter of the beam waist can be as small as ϳ0.84 m. The above difference in beam diameters is caused by variations in focus adjustment. We found that the most convenient way to adjust the distance between the focusing objective and the sample surface is by looking for a maximum SH signal from Si, i.e., from a region where the signal is independent of the beam position in the scanning plane.
In order to describe the SH signals at the glass boundaries, delta-function SON profiles are introduced at the two interfaces of the glass layer. In the fit shown in Fig. 5͑b͒ , the poled layer is represented by a 2.7Ϯ0.1 m wide rectangular SON profile. Like in the scan shown in Fig. 5͑a͒ , the SON layer is centered close to the boundary of the doped glass layer from the side of the air/glass interface. The widths obtained from the two scans are, however, somewhat different. This may reflect real variations in the thickness of the SON layer, for instance, due to variations in the poling field ͑see Sec. III͒ and/or inhomogeneities in the composition of the glass. Furthermore, since the actual beam profile varies near the beam waist, the SON layer width determined from the fits described above depends on the focusing of the pump beam. It should, however, be stressed that the comparison of the widths of SH contributions from the interfaces of the glass layer to that of the poled layer provides direct evidence of the fact that the SON layer created by poling has a finite thickness.
It should be noted that, even though in the depth scans ͓Fig. 5͑b͔͒ the SH signals at the interfaces of the glass layer are comparable to that originating from the poled layer, the nonlinearities at the interfaces do not contribute substantially to the SH signal in the transmission reflection mode. In this mode, the SH signal accumulated through the poled layer is several orders of magnitude larger than the signal generated in reflection from a few atomic layers at the glass/Si interface. Figure 6 shows the FH and SH images of a 22 ϫ22 m 2 area covering the glass layer and its interfaces to air and Si. The SH image reveals the SON distribution while the FH image clearly identifies the positions of the two interfaces. A fairly homogeneous distribution of the detected SH signal is seen along the poled layer and the glass/Si interface, disturbed only at a few points, probably due to surface defects. The variation along the glass/air interface, on the other hand, shows a number of peaks with a vanishing SH signal in between. We conclude that the SH signal at the glass/air interface is likely to be caused by defects on the free surface of the sample. These defects may be created during cleaving of the sample or they may be impurities left on the glass surface during the fabrication process. Surface defects might in turn introduce localized stresses in glass and scatter the pump FH field, creating strong gradients of all field components. Consequently, enhancement of SHG is expected when the focused FH beam illuminates such a defect.
Surface defects are generally found to give interesting distributions of the SH signal. Figure 7 shows FH and SH images recorded outside the poled area. In addition to the expected signal at the glass/Si interface, a region with a clear structure in both linear and nonlinear signals is seen on the Si surface. The FH signal has a valley with largely circular symmetry where the signal is about 30% lower than the signal from the surrounding Si surface. The corresponding SH signal shows a ring-shaped structure with high contrast to the low signal level inside the structure and in the surroundings. The variation in the SH signal can be qualitatively understood from the local macroscopic symmetry of the linear reflection. At the center of the valley in the FH image, the system has ͑approximately͒ full rotational symmetry, at least, the reflectivity increases in all directions. Thus the SON induced by this defect vanishes in the direction parallel to the surface. Conversely, on the slopes of the valley the rotational symmetry is broken, and in-plane nonlinear polarization is expected. The images shown in Fig. 7 also demonstrate the enhanced spatial resolution of SHSOM compared to linear microscopy. Notice that the diameter of the ring-shaped structure in the SH image is about 2 m, and micron-size features in the SH image are clearly seen.
V. CONCLUSIONS
The results presented in this article have demonstrated the unique capabilities of SHSOM with respect to local probing of SON in poled glasses. Scanning of the sample from the top in oblique transmission reflection mode has been found to be well suited for testing the outcome of processes leading to integrated optical components. We have, however, concluded that it is difficult to extract detailed quantitative information from the SH images obtained in this mode, since the SH signal recorded depends on geometrical parameters of the structure that may not all be well known. We have also demonstrated that detailed information about the SON distribution in depth can be obtained from scans on surfaces cleaved through the area of interest. Parallel recording of the FH and SH signals has been shown to facilitate the location of the SON layer relative to the glass interfaces within an accuracy of ϳ0.2 m. Overall, we believe that in combination with other techniques such as electron microscopy and secondary ion mass spectroscopy, SHSOM is very well suited for investigations of details of the poling process such as the dependence on chemical composition, temperature, poling field, etc.
We have also demonstrated that SHG is very sensitive to structures that break the in-plane symmetry of surfaces. The examples given in the present work are the glass/Si interface and surface defects. It has been shown that the SH images of the spatial distribution of the nonlinear signal reveal the macroscopic symmetry of surface defects. We believe that the SHSOM can be advantageously used for studies of surface inhomogeneities, e.g., semiconductor quantum dots and wires. 
